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1. INTRODUCTION

An optical background suppression technique is described which greatly

enhances the detec ta bili ty of local i zed sources i n the p resence of a nonun iform

fiel d of background radiation. The technique allows both the spetia l and

spec tral character i sti cs of the source to be ex p loi ted i n or der to ai d t he

detection process , wh ile it suppresses the contribution of the background to

the observed signal. The optical system consists of an imaging double-beam

interferometer-spectrometer which has been configured to operate also as a

spatial filter by suitably tailoring the modulation transfer functions (MTF)

of the two main optical paths through the interferometer. In its role as a

spatial filter , the double-beam interferonieter preferentially suppresses the

lower spatial frequencies found in the scene. The type of background suppression

discussed here is especially im portant in the remote detection of small stationary

sources against a strong spatially structured background in the infrared region

of the spectrum . In particular , the tec hniq ue min imi zes the image processin g

required by significantly reducing the background before the image is recorded

electron ically.

The theory of the imaging double-beam interferometer-spectrometer wi th

beams having sui tably matched (tailored ) modulation transfer functions (MTF) is

presented in § 2. A number of systems wi th tailored MTFs are described , and

their response to a variety of spatially structured backgrounds are calculated .

A laboratory double-beam interferometer-s pectrometer with tailored MTF

(defocussed system) is described in § 3. Details of the optical system , mirror

drive, spectrum analyzer , and calibration facility are presented .

L 7
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A series of laboratory tests and demonstrations wi th the double -beam

interferometer-spectrometer have been carried out. These tests are discussed

in :~ 4 and include the response of the interferometer-spectrometer to a range

of spatial frequencies and the use of high resolution spectra l discr iminat ion

in suppressing backgrounds .

Severa l appli cat i ons of the op t i cal back ground suppression technique are

proposed in ~ 5. These include the remote sensing of pollutants in smokestack

effl uen ts, and the remote sensing of missile trails from surveillance satellites.

The various sections of this report have been prepared so that each may
U

be read i ndependently without detailed study of the other sections.
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2. PRINCIPLES OF THE BACKGROU ND OPTIC A L SUPP RE S S I ON SC HEME

2.1 Double-Beam Interferon~~~r ’.

The technique of double-beam interferometry was f i rs t  ~,u ;( J sted by Fel lgett

in 1957. Subsequently, double-beam interferome ters in variou s forms have been

use d for la bora tory and astrophysical  measurements in which the spectra to t e

measured were superimposed on large background si gnals~~ ’ . In thes e iedsure-

ments , essent ia l ly  one input beam contained radiation from the source and back -

ground while the other input beam contained only back ground radiation. This

has been done by using adjacent fields of view with a nearly uniform back ground ,

by simulating a well known background (e.g., blackbody ), or by placing the

source in one beam of the interferome ter. In the present paper , we explore the

eff i c i ency of background suppression wi th a double-beam interferometer having

coaligned beams and tailored MTFs . This new technique is compared to the back-

ground su ppression achieved by offsetting the two beams .

Consider the following idealized double-beam interferometer with a dielec-

tric beamsplitte r illustra ted in Fi gure 1 , and its possible outputs illustrated

in Figure 2. For radiation wi th a broad spectral distri bution B(~ ), entering

at A (beam 1), the ou tput of detector D as a func ti on of pa th di fferenc e ~. is
1 1

given by:

D (x) = 

~T 2 

B (~~) ~ 
+ cos 2~nx de . (1)

(beam i) a J

where a is the wave number and ‘~ and y are the spectra l
1 2

l imi ts i mposed by the system detector or a fi l ter.
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A 2 BEAM 2

I

CIGURE 1: Schematic of double-bean ’ interferometer with a
tailored modulation transfer function (MTF).
Beams of radiation entering the two arn s of the
interferometer pass through optical components
atA 1 and A whi ch define the MTFs for the two
arms . Mirr~rs M 1 and M are roof-type retro-
flectors. The dielec~ric beanisplitter is
labelled B.S..
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FIGURE 2: Schematic interferograms for a dual -beam interferometer , recorded by a
sing le detector (D1). a) radiation of integrated intensity B enterin o
arm I onl y; b) radiation entering arm 2 only; c) equal fluxes of back-
ground radiation entering both arms ; d) equal background fluxes and a
highly unbalanced source flux in the two arms ; e) an equal but time-
varying background flux entering both arms ; and f) difference in inter-
ferograms from detectors D1 and D2 with equal but tine varying backaround
fl uxes and unbalanced po i n t source f luxes .
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h~- i r i t ~~ r t ~~ rC(j r~~~ , B ,  w i l l  inok qua l i ta t ive ly  l ike the curve in Figure 2a ;

for i l lust ra t i i~ ~ ~~~~~~~~~~~~ we have used a spectral d istr ibut ion B (o) which is

Gauss iin ir sh~ipe i r U  4 n t -r ed on a non-zero frequency.

Radiat ion wh ich enters at A (beam 2 , Fig. 1) str ikes the opposite face
2

of the ia in interferor iieter beaii~splitter (at 0). Beam 2 is assumed to be

incoherent with respect to beam 1. The interferogram from beam 2 , as recorded-

by detector D , i s then com p l emen tar y to the i nterf ero g ram that resul ts from beam

1 (see Fig. 2b), and is given by:

D(x) 
02 - cos 2~ox~ do. (2)

1 ( bea r n2)  ~ 
1 2

The interferograni from beam 2 takes this forni because each frequency component

undergoes an additional i i— phase shift from its interactions with the beam-

spl i t ter . By suitably designing the instrument , the spectral intensities in

beam 1 and beam 2 can be made equal. Then D (X) ( beams 1 and 2 ) do.

If B (o ) is not time varying , the detector output at D is a constant. From

the symmetry of the figure , the output of D is a lso constant.
2

Cons ider now the case where the signals introduced into the two arms

of the i nterfero~neter are un ba lance d. Spec i f i ca l l y, let the si gnals from a

point source in the field of view be unbalanced (i.e., S (o) in arm 1 and S (0)

in arm 2), while the background levels are still quite closely balanced

(B
1
(o) = B (cj) = B(~ )/2). Severa l techniques are available for producing the

imbalance in source signals (while leaving the background levels balanced), and

these will be discussed in Section 2.2. The imbalance in target signals will be

12
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recor ded i n de tec tor B 1 as :

D( x ) = B + ~ (S~ + S 2 ) + 

~ J 
[s1 ( 3 )  - s 7 (o)] (OS 2 r~~x 0 .

(beams i&2) 1

where B = fB( )d- and S 1 and S 7 are similarly defined . This int rferogram is

shown schematically in Figure 2d. The observed modulation amplitu de is equiv-

alent to signal of intensity S 1 - S 2 entering only one arm of the interferomete r .

This modulating signal from the source is superposed on the DC level provided U

by the source plus background (see Fig. 2d).

The preceding assumes the background is not fluctuating with time . It is :,
also poss i ble , however , to suppress tempora l background fluctuations. Although

such fluc tuat i ons woul d occur i n bot h beams , they woul d be i n phase and resul t

i n a spurious modula tion i n D 1 (Fig. 2e), wh ich reduces the sensitivity for source

detection . We note tha t th i s limitation can be overcome by makin g use of the

symmetry of the interferometer (Fig. 1):

(4)

D(x)  = B + ~~ (S~ + S2) + 

~ 
f [S2~0~ - S

~
(
~)] 

cos 2-~ix d~ .
2 ( beams 1&2) ~ i

If we now electron i cally subtract the outputs of detec tors D 1 and D2 :

D(x) - D(x) = 5 1S~(o) — S2(cy)1 cos 27Tc~x dcj . The contribution from equal
1 2

background fluxes in the two arms cancels, wh i le the source modula tions  a re

additive.

2.2 Tailored Modulation Transfer Functions

The back ground suppression in the interferogram rep resen ted by equa t ion

3 is based on the assum ption that one can obtain a significant imbalance in the

- ~~~~~~~~ ~- ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -~



source s i ;na l wi th  no imbdlance in the background s ignal .  As a simple example,

consider a point source viewed aga inst a uniforn background. If the optical

axes of beam 1 and beam 2 are sl ightly offset , then the two images of the beams

w i l l  be displaced in the image plane. For an appropriately s ized detector

no suppression of the point source interferogra ins wi l l  occur. However , dis-

placement does not affect a uniform background and the modulation amp litude

in the background interferogram will be suppressed. The problem ~ith this scheme

is, of course, that the background m ay not be uniform from point to point , and

its suppression will therefore be incomplete.

in a f-i ’st attempt to find a more efficien t means of background sup-

pression , we cons idered deliberate introduction of a small aniount of defocus

into one of two coaligned interferometer arms . Images from either of the arms

can be slightly defocussed on the detector face by placing a weak positive or

negati ve element at A 1 or A 2 (Fig. 1). This has the overall effect of sup-

pressing the modulation amplitude for the more smoothly vary i ng reg ions of

the backg round , wh ile not suppressing the modulations of point—like sources

(see Eq. 3). intuitivel y, thi s effect can be understoo d by noti ng that a

slightl y defocussed image of a smoothly vary i ng background does not differ

much from the corresponding in-focus image. Thus, when the in—focus back-

ground image from one beam is superimposed in coincidence on the defocused

image from the other beam , the interferogram is reduced to nearly a DC level

on each detector element , and effective background suppression occurs . However ,

a sli ghtly defocussed image of a poin t-like source differs strongly from the

corresponding in-focus image; thus , the source interferogram is highly modulated

when the two images are superposed on the detector face.

14
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Defousing is the only one of many possiSle methods for altering the response

of optical syste m s of this type; the two MTFs correspond ing to the two arms of

the interferometer can read ily be tailore d to sat is fy various system require -

ments. In additi on to defocusing, some of the other techniques which can be

used in altering MTF pairs are l isted as fol lows :

1. Introduction of controlled amounts of an aberration or some special

optical component into the system (e.g., spherica l aberration , a

weak axicon).

2. Adjustment of the ratio of the diameters of the two entrance apertures .

3. Phase apodization of an entrance aperture by the introduction of

phase—shifting annular rings or disks.

4. Transmission apodization of an entrance aperture by the introduction

of annu lar rings or disks of neutral density f i l ters .

5. Controlle d , small amplitude mec hanical oscillation of an optical

component in the system at a frequency high compared to the system

response time.

The above techniques can be applied individually or in combination to one or both

arms of the double-beam interferometer to produce changes in the system MIF.

Consider a double-beam interferome ter comprised of two arms each having

di fferent responses to various spatial frequencies. When the two beams are

combined at the detector , the effect is that of a spatial filte r that ideally

responds to the signal from the point source being studied , while suppressing

the background signa l (see Eq. 3). The effective modulation transfer function

(MTF) of the double-beam irmterferonieter is the difference in MTFs of the two

• arms . For circularly symmetric beams , the effec ti ve MTF can be wr i tten as

(see e.g ., ref. 9):

15 J
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1

MTF(K) 
~ f  I 1~ (R) - I~ (R) a J0 ( 2 - R x )  RdR (5)

In this expression , 1 (R) is the diffraction pattern as a function of radial

distance in the imnage plane, J0 is a zero order Bessel function , and K is a

spatial frequency. We emphasize that the “subtraction ” p rocess d iscusse d here

refers only to the modulation amplitude in the interferogram , and not to the

DC signa l s. We assume here that the wavelength range is sufficiently restricted

(i.e., • ‘~~/ A  0.1) that the MTF may be assumed to be a constant for all spectral

wavelenqths contributing to the interferogram .

For purposes of illustration, we consi der here ta i lored pairs of MTFs

that resul t when one of the fol low i ng four types of aberrations is introduced

into the system . These will be specified by the aberration function s (p),

where is the distance from the center of the pupil in units of its radius a.

The aberrations are : 1) defocus I s(~ ) C0 ’ 1 ; 2) Tr-phase shift L~ 
= 

~ for

, -
~~~ ];  3) linear aberration (axicon) {

~~~~(~~~~) 
= C (;  and 4) “wo bb led lens ” system .

F igure 3 i llus tra tes the ta i lor i ng of pa i rs of MTFs i n the ways l is ted above ,

with the goal of suppressing , as comp letely as poss ib le , the system res ponse

to all spatial frequencies below about one-fourth the cutoff frequency

(K = 2a/~ ). The MTFs were numerically computed from equation 5. In

Figures 3a, b, and c the curve ~abelled “A” represents the MTF for the path

of the iriterferometer wi th no aberrations. The curves labelled “B” are the

MTFs for the specified aberration. The heavy curve , la belled “A-B” , is the

effective MTF of the system .

At low spa ti al frequenc ies , the MTFs shown in Figures 3a , b , and c are

characterized by MTF (K=0) 0 followed by an approximatel y linear rise w i th

16
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( b )

C

~~

!~ C K I XIT

Cd )
A

WOBBLED LENS

o 02 0.4 06 0.8 1.0
K / K m a*

FIGURE 3: Modulation transfer functions for severa l pairs of aberrated lens
systems . In a), b), and c) the curve la belled A is the MTF for an
ideal lens. The curve la belled B is the MTF corresponding to the
aberration which has been introduced into one of the arms . The
curve A-B represents the effective MTF of the interferometer. The• “wob b led lens ” system in d) is described in the text. Kniax i s the
diffract ion limited cut-off frequency , 2a/ ’ , where a is the aper-
ture ( beam) rad i us a nd ~ is the wavelength of the radiati on.
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K. Note that for these 3 cases there is no spatial frequency, other than

K 0 , which is perfectly fi l tered. Of the MTFs shown in Figure 3, defocus i s

• the mos t convenient for use in the double -beam interferorneter because the

MIF may be changed without the need for fabrication or installation of new

optical components .

As an example of a more efficient spatial filter , we have devised at

least one system with MTF(K) = 0 for all K O
~

2K max~ Thi s sys tem consists of

a lens with a n-phase shift for 0.3, and another lens that has a ri-phase

shift for 0.90, and that is rotated off-axis (wobbled) at a frequency

rapid compared to the system response time . The lens is wobbled in such a

manner as to cause the point spread function in the image plane to rotate in

a circle at a constant angular velocity . The angular diameter of this circular

mot ion was set at 3V8a . The chosen parameter values for the phase shifts and

the angular ex tent of the wo bb le are somew hat ar bi trary i n tha t ot her combina-

ti ons can also yield an effective spatial filter. The computed MTF for this

systeiii is shown in Figure 3d. The only disadvantage of this system is that it

is somewhdt more difficult to implenme r t• than those sumirnarized in Figures 3a ,

b , and c.

The siqnal S(R) recorded by a detector in the focal plane array , from

a source located at a position R relative to that detector , i s g iven by the

convolution of the system point spread function , the source shape and the

detec tor sha pe. This is equiva l ent to the inverse Fourier transform of the

product of the respective transforms.:

S(R)  afT 0 t ( K) 
~(K) d ( K) e~~~ dK (6)

- L~~~~~~~~~~~~ -~~ -



In this integral Topt is the effective MTF of the opt4 cal system , -r~ is the

transform of the spatial distribution of the source as projected on the detector ,

and is the transform of the detector shape .

The response of the interferometer to the background radiation will

depend critic ally on the power spectrum of the background spati~t l structure .

The mi s signa l from the background (noise) that is recorded by given focal

p lane detector elemen t, as the interferorneter is pointed in vari ous directions.

is (cf. Fri ed)’0 :

N r [~
(
~

) 
‘opt~~ 

I r d
(K) 2 

dK] (7)

In this expression , ~(K) is the two dimensional power spectru mii of the spatial

distribution of the background .

Ideall y, the MTF is designed to optimize the signa l to noise. In most

situa tions of interest , the background spectrum has strong contributions from

low s patial frequencies while the source of interes t i s cl ose to , or smaller

than, the diffrac tion limit of the optical system . We have thus attempted

to construct MTFs with a min imum response to low spatial frequencies while

max imizing the high frequency response (Fig. 3).

We have evaluated the performance (i.e., si gnal-to-noise) of a variety

of MTFs for several general classes of background structure. We discuss , as

an exam p le , backgrounds wi th spatial structure characterized by a two dimen-

• sional power spectrum proportional to K-n . It can easily be shown that a

uniform background or a linearly varying background is completely eliminated

• by any of the spatial fi lters considered .
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Consider two idealized classes of MTF; these are shown as an inset to

Fi gure 4. The first (Type I) has 1opt (K) 0 for all K below some cutoff spatial

frequency K0. In the second filter (Type 11 ), 
~opt 

i ncreases li nearl y from

K=O (with slope ~) until its value is equal to that of an ideal lens , from

which point (also denoted K0) it m atches the ideal lens. When computing the

rmns noise from equation (7), one generall y must assume a low frequency cu toff

( u suall y set by the size of the field of view ) since a background wi th a K
_n

spectru o does not have a well defined varianc e. In our calculations we have

assumed a field of view equal to 1000 x 1000 resolution elements; the results

are relativel y insensitive to this choice. For simplicity in the calculations

we have also a;sumed circularly shaped pix els with an angular diameter of

/2a. The signal -to-noise ratios for both of the above idealized MTFs have

been computed for a range of background power spectra ; the results fcr a K 2

spectrum (see, e.g., ref. 10 and 11) are shown as an example in Figure 4.

The ordinate is the ratio of signal-to-noise of the specified system to that

for an i deal h’ns. The optimum cutoff for a Type I filter is •
~
O
~

7Kmax • The

Type II filter becomes highly effective as K0-~1 even though its peak response

to point sources becomes very small. For compar i son , the si gnal-to-noise

ra ti os for the “wo bb led lens ” (Fi g. 3d) and “defocus ” (Fi g. 3a) spatial fi l ters

are also indicated in Figure 4.

As a comparison to spatial filters which utilize coaligned beams and

ta i lore d MTFs , we have repeated the signal-to-noise calculations for the

case of an interferometer w t h  two offset beams. The results for a K 2 back-

qroun d power spectrum are shown in Figure 4 as a function of the offset angle.

T he backgroun d su pp ression is opti m i zed for an of fset approximatel y equal to

the diffraction limited angular resolution of the instrument. For large offsets,
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FIGURE 4: Sample signal-to-noise calculations for a double-beam interfer-
ometer , with a tailored modulation transfer function. The
example is for a point-source viewed against a background whose
spatial components are described by a two-dimensional power
spectrum K 2. For i deal i zed Type I and Type II s pat i al f i lters
(see text), the calculated s i gnal-to-noise is plotted vs. the
parame ter K0 (defined in the inset). The limiting case of K0-’-O
represents an unfi l tered lens system. For comparison , the signal-
to-noise calcula tions for a double-beam interferometer with offset
beams are shown as a function of the off-set angle ~ (upperabscissa; ~ is expressed in units of ó~ = 

~/2a). The signal—to-
noise for the special case of a “wobbled lens ” system (Fi g. 3d)
and a “defocused ’ system (Fig. 3a) are also indicated on the
fi gure for comparison.
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tn~ I~~~• k ~rourid ‘~ 
‘ i s , i  on becomes inef fect ive becaus e the i ns trument becomes

,, r ~~it ive to low spatial frequencies . As the offset approaches zero , the signal-

to-r1 O is t~ van is ’i~~ because the signal from the source is itself suppressed . When

opt ilIi?ed for a ~~ background powe r spectru mmi , this type of spatial filte r

is about a factor of 3 lest ~fticie n t than filters desi jned with tailored MTFs .

We have evaluated the background suppression efficiency for seve ral

selec ted f i lters as a func t ion of the s pec tral index of the assume d powe:-

law spectrum (K
_n
) which describes the spatial structure in the background .

In al l  cases , the spectru mmi is assumed to be a function of the magnitude of K

onl y. The results are shown in Figure 5 for a Type I filter (K0 
= 0.20),

Type II filter (K = 0.5), “wobbled lens ” system (Fig. 3d), defocuse d sys tem

(Fig. 3a), and an interferometer with offset beams (offset A/2a). For small

s p e c t r a l  i nd i ces  (n < 1) none of the trial spatial filters significantly

enhances the signal-to-noise. At n=2 the background suppression is significant 1

with the “wobbled lens ” system yielding a factor of 3 improvement over the

offset pointing mode. As n increases (n ~ 4) there are substantial differences

in performance among the fi l ters of up to two orders of magnitude . The fi l ters

with effectively no response below 
~
O•2Kmax are superior . The offset pointing

mode , which does not provide a good “average ” of the background around the

source , is the least effective .

I,
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3. THE V IS ID Y P4E DOUBLE-BE AM INTERFER 0F~[TER

Duri ng the past year , Visidyne has designed and built a l aboratory

double-beam interferoumeter-spectrometer for use in its background optical

suppression scheme . The working interferometer system presentl y features a

double-beam interferometer (2-cm beam aperture) , ta i lore d modulat i on transfer

func ti on for the two beams , servo-con trolled drive for the mov i ng retroreflec-

ting mirror , laser retarda ti on reference system , PbS detector and associated

electronics , 16K hardwi red fast Fourier transform (FFT) analyzer , and CRT

pl us X-Y plotter for di splay ing interferogram s and spectra in real time . The

l aboratory facility al so includes a test setup that can simulate a poi nt

source immersed in a controllable sinusoida lly varying background at infinity .

The general l ayout of the i nterferometer l aboratory is pictured in

Figure 6 and shown schematically in Fi gure 7. The interferometer , the data

system and the test facil ity are described in detail in § 3.1, 3.2 and 3.3,

respectively.

3. 1 The Double-Beam Interferometer-Spectrometer

The Visidyne l aboratory i nterfercxneter is a double-beam input and

dual-detector output design wi th CaF2 lenses to pr3vide a tailored modulation

transfer function for the suppression of spati ally structured background .

The interferometer is pictured in Fi gure 8 and is shown schematicall y in

Figure 9a ( upper level ) and Figure 9b ( lower level) .
Ii

3.1.1 Optical Desi gn

Radiation enters the system through either a flat CaF 2 compensator

plate ( beam 1) or a defocusing CaF 2 lens (1 mu focal length ; beam 2 ) .  The

beam di ameters are separately variable up to a diameter of 2 cm using

25
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A

_ -

Interferometer , mounted on Al tool ing plate and optical bench.

• U 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Test source as seen from the interferometer.

FIGURE 6: Interfero riieter-spectro nieter laboratory .
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Side view of interferometer.
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To p view , showing beamsp litter , retroflecting mirr ors , detector II,
gas cells, and laser retardation reference system .

FIGURE 8: Double-bea u ’ inte~ fru- nI ntr r-spectron1eter .
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FIGURE 9b: Schematic of double-beam interferometer-spectrometer (lower level).
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adjustable iris aperture stops . Each beam is then incident , from opposing

directions , on a 1.5 cm diameter beam:m ~pl i t te r- com pens a~or consist ing of two

parallel plates of CaF 2 between which is sandwiched a thin film of Si. The

transmission of the bea mm splitter as a function of wavelength , for 00 inci-

dence an gl e , is shown in Figure 10. The transmitted and refl ected beams are

both directed to roof-type retroreflecting mirrors. One of the two retrore-

flec tors is movable; both displ ace the beam down to the lower level of the

i nterferomete r .2 Roof-type retroreflectors were selected because (1) the

beam is refl ected by 1800, i ndependent of smal l tilts of the retroreflectors

about two of its three axes of rotation , and (2) the use of roof retrorefl ec-

tors al lows a more c~upact interferometer than an al ternate “cat ’ s eye” de-

sign . The mirrors in the retrorefl ectors , as wel l  as al l other reflecting

surfaces in the interfercmeter , were gold coated . The interfercxneter optics

and beamspl i tter have been designed for use in the wavelength range 1-10 urn.

In the lower level of the i nterfer ometer , the beam s are again

partially refl ected and partially transmitted by the beamspl i tter , and a por-

t ion of the rad i at i on that enters beam 1 arr i ves at detec tor I. The comple-

mentary fraction of the radiation is directed to detector II. The detector

consists of a PbS cell onto which the beam is focused by a 2.5 cm diameter ,

f/2 CaF2 lens. The sensitive area of the detector is 0.25 mm x 0.25 mm.

Ambient temperature PbS detec tors were used for these measurements because of

the ease wit h wh i ch detector s i ze , a BOSS measuremen t parameter , coul d be

var ied . Each detec tor assembly al so contains a spectral filter which limits

the overall bandpass of the system . The spatial background suppression data

were obtained wi th a 2.1 urn to 2.5 urn interference filter . This bandwidth

was selec ted so as to minimize atmospheric absorption effects on the
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FIGURE 10: Transmission of CaF2 beamspl itter as a function of wavelength at normalincidence angle .
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measuremen ts. Spectral measurements were made with either a sil icon or

germanium window in pl ace of the filter.

There are numerous degrees of freedom for adjusting and ali gning

the optical components . The mov i ng retrorefl ec tor is mounted on a mi crometer

adjustable X-Y—Z translation stage . The two mirrors in each retrorefl ector

can be separately aligned . The orientations of each of the other mirrors in

the interferometer as well as the positions of the beatnsp litter , the fixed

retrorefl ec tor and the detec tors are al so adjus tabl e.

As the retrorefl ecting mirror is moved , monochromatic radiatior

that enters beam 1 and arrives at detec tor I will be modulated sinusoidally

(see § 2). The modulation rate is proportional to the frequency of the in-

cident radiati on and to the speed of the mirror. For a ~-ange of wavelengths

enter i ng the i nterferometer i n beam 1 , a maximum in inte rsity will be record-

ed in detec tor I when the path length to the mov i ng retrc refl ector equal s the

path length to the fi xed mirror (zero path difference). (See § 2 for a

detailed discussion of the optical paths through the interfercxneter.) Radia-

tion which enters beam 2 and arrives at detector I is also modulated as the

retrorefl ector moves . If the two beams 1 and 2 are equal (i.e., opti cal axes

viewing the same di rection , balanced intensit ies , etc. ) the modulations w i ll

be 1800 out of phase and wil l  yield a DC signal . An imbalance iii the two

beam s , as viewe d by detector I, will resul t in a modulation ampl i tude propor-

tional to the imbalance .

3.1.2 Mechanical Design

• All of the optical components of the interferometer are mounted to

an al uminmin tool ing plate of dimensions 20” x 36” x 1” (Figure 8). The tool-

ing pl a te is supported above a granite optical bench by extruded alum inum
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beams . Vibrat ion damping of the table is provided by Firestone air mounts

between the table l egs and the la borator y fl oo r.

The retroreflec tor drive which is mounted below the i nterferonmeter

base plate is shown schematicall y in Figure 11. The drive , based on a design

that utilizes a precision air-beari ng (Dover Instruments , Inc .), a p rec i s i on

lead screw (Precision Thread Grinding), an d servocontrolled motor (Torque

Systems), has proved very successful . The system has been tested for a mi r-

ror travel distance of 1 cm ( see § 4 ) , and wi l l  be used in the future wi th a

10 cm trave l. To incorporate the 10 cm mirror trav el requi res onl y transl a-

tion of the retroreflectors to other mounting holes that are already provided

on the mounti ng plate . L
The speed of the motor is controlled by a servo- system shown schem-

atically in Figure 12. The mirror position is controlled by the ramp output

from a waveform generator. The errors in the i ns tantaneous pos i tion and

speed of the mirror are then fed back into the servo-amplifier to maintain

constant mirror vel ocity .

Several of the opto-mechanical components of the system are com-

pl etel y intercha ngeabl e for purposes of check ing the bal ance and syninetry of

the system . These include the detectors , detector mounts , retrorefl ecting

m i rrors , lens mounts , iris diaphra~iis , and gas cells.

3.1.3 Laser Reference

A He-Ne laser (xx6328 ~
) is mounted to the interferometer to pro-

v ide an ab sol ut2 retardation reference (Figure 8). The laser beam traverses

basically the same optical path as that for beam 2 with the exception of by-

passing the first mirror (Ml, Figure 9a), and returns to its own silicon

34
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detec tor-amplifi er . The laser beam utilizes one corner of the retro ref lf-~t-

ing mirrors and thus avoids mix ing the laser li r iht wi ..i the signal entering

the pri ncipal detec tors of the interferometer . Provisions have al so been

made to monitor the position of the opposite corner of the retrorefl ectors ,

• during a scan , to ensure that there are no spurious angular moti ons of the

m i rror dur i ng scans.

3.1.4 Alignment P rocedure

Initially, the beam splitter and the two retrorefl ectors are align-

ed wi th an autocollimator . The system is next brought into finer alignment

v isual ly  using both monochromatic and white light sources and observing the

fri nge patterns. Adjustments are made until the fri nge patterns of concen-

tric rings are centered on the optical axis of the interferometer.

The two input beams are then co- aligned by adjusti ng M1. Fine

alignment adjustments are made wi th the detector in place and both beam s of

the i nterferometer viewi ng a diffuse light source . When the ratio of sing le-

beam to double-beam interferogram amplitudes at zero path difference is maxi-

mi zed , the interferometer is al igned. In practice the maximum val ue of this

ratio was approximately 100.

3.1.5 Interferometer Configurations

The interferometer can be used in three different modes. (i) The

singl e-beam mode (wi th one of the two beams blocked ) is used to obtain spec-

tra of remote sources. (ii ) The double-beam mode wi th a tailored modulation

transfer function is used to obtain spectra of remote local i zed sources in

the presence of a spatially structured background. (iii) The double - beam and

sn g le beam modes can be used to measure the absorption (and transmission)

spectra of laboratory gas samples. In this configuration , the sam ple i s
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pLi ed d irec tl y in one of the beams and light from an external source i s

viewe d through the sampl e . The gas ce l l s  shown in Figure 8 are used for this

node .

3.? The Data System

The data system for the interferometer -spectrometer is shown schem-

itica l ly in Figure 13; some of the key elements are pictured in Figure 14. As

the retroref lect ing mirror is driven in linear motion , the signal from the

detec tor is amplified and filtered through a low-pass anti aliasing filter

having a 120 db/oct ave ro l l -o f f .  Simul taneously, the laser reference detec-

tor electronics sense positive-going zero-crossing s and trigger a CORDIC 16K

FFT anal yzer (Shumway Bros ; design rights acquired from Computer Information

Systems, Inc .~. The FFT analyzer then sam ples the filtered interferometer

detector output , A/D converts the signal to a 12 bit word and stores the re-

sult as one input point of a 16K point interferogram . The analyzer has the

capability of transforming 32K words per second.

While the interferogram is being read into the CORDIC 16K FFT anal-

yzer , the data are transform ed an d an 8 K-point ampl itude spectrum is output-

ted for display or plotti ng . Real or imaginary transfo rms can both be

displayed. The analyzer has the capabili ty of performing a running average

of output spectra for a range of sel ectable averaging times . At the present

time , a ful l double-sided interferogra mn is inputted; in the future , a white

light reference source wi l l  be incorporated into the i nterferometer to pro-

vide a zero path di fference reference that will enable the analyzer to pro-

cess singl e-sided i nterferograms . Because the phases of the various

com ponents i n the i nterferogram are a very s l owl y varyi ng func ti on of
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t requen cy , one can u- jt ’ t hi’~ in fonmi jt ion t o  C (  ~)V t 1 ’ it ’ i r - ly  N ~;pectral points

t rommm in N-point inter t I l t C C ) l , t ICi .

• Spectr a and i m i t -~~t ‘ t o p  IlUS 1 7 7  Ii S~)l iy rd  in several ways .  Most of

the pet tra shown n 4 we lt ’ produ~ t’d di ret ti y on the X - V p lotter (Fi gs.

13 and 14 ) ;  othe rs were comn put t ’r — pl otte d us ing the analyzer d ig i tal data

out put . Inter te roq ramns a re u- ,u,i l ly d isp layed on a CR1 screen ( see Fig. 17 ) .

The 16 K CORUIC , t n a l y i t r- can ml so he USed to perform mtiuch longe r

transform s such as would be ob ta ined  fr om data w i th  0 .1 crn~~ resolution . A

long da t i  train (e ’ .q. . ‘ .b x I ~~~~ poi nts ) woul d be read into the computer and
Ii

stored . lhe data tra i ri i s  nul t ipi i ed by a s inusoid of a part icular  frequency

v 0 anti then summed into coarser bin s i z e s  (e ’  .q . , It) of the or ig inal I nterfero—

grain bins) . The (:ompresst’(i data train i s  then transfonned wi th the CORD 1C

j n a l y z e  r in the usual w a y.  The rvsul t i s m lbK segment of the high resol u—

t ion spec trum S ta rti rig It \ . 1 hi procedure i s repeated  until the enti re r~
trans tor n is conipi etc. lb i s method is di scu c sed in (Ic ta i l  in reference 13.

3.3 The lest System

A sped ,m l - purpose test and ca l l  brati on sy stein , to measure the spec-

tral an d spatial t 11 ten rig properties of the i miter feronieter , has  been

tie si qnt ’d and con struc ted. The system is p ictured in F I gure 15 and shown

cc hema t i cal l  y in I I g ure 16. A “ pa i n t cou rr 0” i s produced by a p1 nhol e , ill urn—

i nated by a tung sten— halogen lamp • i n  the t or il p1 inc of an 8” di amneter f /b

rol l inia t I ny mirror . The ni rror v i ews the p inhol e by reflection from an el lip —

• 
• t i ( : 11 fi ,mt ( to remove the l ight sourc es f rom the optical path to the in terfer—

emeter) , m d  a he ,iinspl i tter that a l lows a ‘ ;pat ia lly structured source to he
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Side view showing beamsp litter , chopper wheel assembly and focal
plane li ght sources.
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Front view showin g f/5 primary mirror , elli ptical flat and focal
plane light sources .

FIGURE 15: Laboratory test system .
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• FIGURE 16: Schematic of la boratory test system.
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superimn posed in the focal pl ane (Figure 16). Spectral structure can be added

to e i ther the po i nt source or the spat i ally struc ture d source w i th f i lters of

a variety of materi als.

The secon d source i n the foca l plane of the mirror is designed to

measure the response of the interferometer to various spatial frequencies in

a spatially structured background. At present , thi s source consis ts of a

pair of Ronchi rul i ngs whose Moire pattern can be described as a two dimen-

sional p lane wave w ith a tri angular waveform . The spat i al frequency of the

wave can be var i ed con ti nuousl y from DC to hig h fre quenc i es above the re-

sponse of the instrument. The phase of the wave can also be varied either by

adjusting the relative positions of the two rul i ngs , or by a transl ati on

stage that shifts the pair of rulings. The Moir~ pattern i s par ti ally trans-

mitted through a beamspl i tter where it is sub sequentl y collimated by the f/5

mirror and projected in the di rection of the interferometer.

Both beam s of the interferonieter thus view identical “ scenes ” con-

s i st i ng of a po i nt source su per i mpose d on a plane wave of var i ab le spatial

frequency ; these two components may each have different spectra . The resul ts

of tests wi th this apparatus are presented in § 4.
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— 4. LABORATORY TESTS AND DEMONSTRATIONS

The Visidyne double-beam interferometer- spectrometer was designed
- 

~ especially to enhance the detectability of small local i zed sources viewed

aga inst a spatially structured background in the infrared region of the spec-

trum . The spectral information inherent in the interfe ronieter al so allows

for additional enhancement of the signal-to-noise if the localized source has

a different spectral signature than that of the background . The technique of

using a double- beam interferometer , with a tailored modulation transfer func-

tion to suppress a spatially extended background , while responding well to

localize d sources , is discussed in detail Iri § 2. The design and fabr ication

of the l aboratory doubl e-beam interferaneter-spectrcxneter and all its subcom-

ponents are di scussed in § 3. Al so described in § 3 is the laboratory test

appa ratus for measuri ng the response of the i nterferameter to various spatial

an d spec tral frequenc i es.

In this section we describe measurements of the spatial fi l tering

properties of the i nterferometer (~ 4.1) In these tests, we consider only

the total response, i.e., the integral of the observed spectrum or, approxi-

mately, the ampl i tude of the zero path difference fri nge in the i nterfero-

gram . In § 4.2 we examine the background suppression as a function of both

spati al and spectral frequency. Finally, in ~ 4.3 some higher resol ution

spectra (at 1 cm4 resol ution) are presented as a demonstration that an inter-

ferciiieter operati ng as a spatial filter need not sacrifice fre quency resol u-

tion . (The drive in our interferometer (see § 3) is , however, capable of

yielding 0.1 cm4 resol ution , and will be so tested in the near future.)

The prinicipal raw data from a given scan of the interferometer is

an interferogram . Sample inter ferograms are illustrated in Figure 17. The
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(a) Background radiation entering
arm 1 only. (b) B a c k g r o u n d  r a d i a -
tion entering arm 2 only. (c) Equal
background fluxes entering both
arms .

Point source superposed on a diffuse
background. (d ) and (e) show the inter-
ferograrns for the two arms separately,
and (f) reveals the point source inter-
ferogra m after background suppression.

F IGURE 17: Sample i nterfero ;raIUs from t o- 3 o~til c- heoii~ i nterfero meter.
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interferogram from beam 1 (focused beam; see Fig. 1) viewi ng a diffuse back-

ground source is shown in Figure h a , and the corresponding interferograni

from beam 2 (defocused beam) is shown in 17b. When both beams are allowed to

combine at the detector , the interferogram is as shown in 1/c. Because the

background is diffuse , both beams have a nearly identical respon se ; however ,

the interferogram s are out of phase wi th respect to each other by 1800 ( see

2, Fig. 2). The signal is thus reduced to nearly a DC lev el , and the back-

ground is thereby suppressed.

When a point source is viewed against a diffuse background , the

resul ts are quite different . The i nterferog ram from beam 1 is shown in Fig- U

ure 17 d , and that from beam 2 is shown in Figure 17e. In the double-beam

mode (Fig . 17f) , the diffuse background is suppressed as discusse’i above ; the

interferogram from the relatively weaker point source is quite di scernible

(note the differentl y shaped envelope). This is a resul t of the fact that

beam 1 and beam 2 respond very differently to a point source , and the i n t e r-

ferogram is therefore not suppressed (i.e., not reduced to a DC level).

In the remai nder of thi s section , we show only the spectra , which

are computed as Fourier transforms of the interferograms . The raw data , how-

ever , in each case are interferograms of the kind shown in Figure 17.

4.1 Spatial Filterin g Properties

The point spread function of beam 1 ( focused beam) and the point

spread function of beam 2 (defocused beam) were measured sepa rately. The

point light source in the laboratory test apparatus (Fi g. 16) was u sed w i t h  a

chopper wheel to modul ate the signal . (The retroreflec tors were at rest

during the test, and hence there was no modulation of the signal due to vary-

ing path differences.) The measured poi nt spread functions for the two beam s
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are s hown i n F ig ure 18; these incl ude the effects of the CaF2 defocusing

lens , the detector lens and it s aberrat i ons , an d the finite size of the de-

tec tor. The ra ti o of peak res ponses for the focused to defocused beams is

- 3.3. We emphasize , however , t h a t  the “areas ” un der both curves [i.e.,

JI(e)2iiedo where 1(0) is the appropria te point spread function] are equal .

The modulation transfer function (MTF) for each of the two beams

(1 an d 2) as well as the ef fec ti ve MTF for the system (1 mi nus 2) were corn-

puted by taking a Bessel transform of the point spread functions shown in

Figure 18. Specifically, we carried out the followi ng integral :

MTF(K) JI(o) J(2~Ke) 2lTOdO (8)

where J is a zero order Bessel function and K is the spatial fre quency . The

resul ts are shown i n Fig ure 19. Note that , as ex pec ted , the MTF for the de-

focused beam falls off at the higher spati al frequencies considerabl y faster

than the MTF for the focused beam . The system MTF , ( applicable when the in-

terferometer is used in the doubl e-beam mode) has a val ue of 0 at K=O ,

ex hibit s a nearl y li near r i se for K ~ 0.5 cyc/deg, peaks at 0.7 cyc/deg,

and i s followe d by a decay to zero at K . 2.5 cyc / d eg . Thus , the present

opti cs yiel d the grea tes t sensit i vity for sources w ith an angular extent of

0.4°-1.2°.

The sensitivity of the double-beam interferometer to various spa-

tial frequencies was directl y measured wi th the l aboratory test source discus-

sed in § 3 (Fig. 16). The pair of Ronchi rulings in this source was adjusted

to yield a Moi r~ pattern w i th a specific spatial frequency (as well as the

higher harmonics associated with the triangular wave form). The phase of the

Mo i r~ pattern was adjus ted re l ati ve to the opt i cal ax i s of the i nterferometer

unti l a maximum in intensity in the central fringe of the

L _ _ _ _  - 
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FIGURE 18: Point spread functions for the beams with the CaF2 defocus i ng lens
and the CaF 2 compensator p late . In each case , the spat i al resolu ti on
of the detector is incl uded .

49

_ _ _ _-- - 
-

~ - ~
-

~~~
- —

____



1 1 1 ~1 1

1.0 - MODULATION TRANSFER FUNCTION S -
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—
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BEAM 2 (DEFOCUSED) —
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—

SYSTEM MTF
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\
0. 1 —  \ -

0
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K (cycles/degree )

FJG IJ RE 1 1 : Modulat i on transfer func ti ons for the beams w i th the CaF2 defocusin g
lens  and the CaF 2 compensator plate . ~n eac h case , the spatial
resolution of the detector is included .
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interferogram was recorded. At this setting , the interferogram and the trans-

formed spectrum were recorded for both the single -beam and double-beam modes.

The phase  of the wave was then shifted until a minimum in intensity was

obtained , and data were similarl y recorded. This procedure was repeated for

a num ber of different val ues o~ the spatial frequency K. The response of the

interferometer (defined as the spectrum integrated over all frequencies) in

the doubl e-beam mode was then normal ized to the response of the focused beamn

alone. The resul ts as a function of K are plotted in Figure 20; the data

points ri se to a pronounced maximum at K 0.9 cyc/deg .

In the above test , the measured response of the interfero meter to

different spatial frequencies is closely related to the MTF of the sys tem.

To see thi s , we note tha t  the theoretical response of the interferometer to a

two—dimensional source wi th spatial distribution S(x ,y) and transform

S(k  ,k ) is ( ref . 10):

D ( x ,y)~ ~~
X S ( k x~

ky ) MTF(k
~ .k~

) ~ik ~x + i k,y dk
~

dk
~~ 

( 9 )

(cf. equation 6, § 2). For the triangular waveform produced by the Ronchi

rulings ,

S (x ,y) S~[1 + 8/~
2 Z n 2 cos( nk 0x ) ] /2 and (10)

S(kx~
ky) = S0~ [6(k~) + ~~ 2 

~ 
n 2 6(kx-nk o)+ 6(k~

+nk0) ] ó(ky)

where k 0 is the fundamental spatial frequency of the Moire pattern. There -

fore D(x ,y) can be computed analyt ical ly:

~( x ,y) S0 [MTF (0)  + 8/~
2
~~ n 2MTF ( nk 0 ) cos( nk 0x ) ]  . (11)

The ratio of the maximum response in the double beam mode to the single beam

mode i s  the n :

R(k0) MTF A B (O)+8/
~
2 Z n 2MTFA B (nkO )

MTF A o + 8 h2 Z n~
2MTF A nk o 

( 12 )
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FIGURE 20: Ratio of the double-beam response of the interferometer to the single- ‘

beam response , as a funct ion of the spatial frequency of the Moire
pattern . The solid and dashed curves are the expected ratios (eq. 12)
for an ideal interferometer wi th 95 and 100~ su pp ress ion of the DC
back ground , respectively. 
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where MIFA and MTF A B  are the MTFs for beam 1 and beam s I mir ,u~, ?, ~
((
~l)~

( 
~~

-

i v e l y. For the case where MTF A . ~
( 0 )

~
0 ( per f c c t l y balanced bi~in~ ) ,  an-I f~~

those v a l ues of nk 0 where MTF A (nk o )<< MTF A ( 0 ) :

~(k0) 8/~
2
Z n

2MTF A B (nk o) 3/ 2 MTF (k ) . ( 1 3 )

T hus , by means of the above computations , the measured ratio , R , of

doubl e-beam to single-beam response as a function of spatial frequency can be

direc tly interpreted in terms of the MTF of the interferometer. The dashed

curve in Figure 20 shows the expected ratio R(k) computed fromn eluation (12)

for the case where the DC component in the spatially structured ackground is

perfectl y suppressed (i.e., perfectly balanced beams with MTF(0)~0 ) .  The

solid curve is computed from equation (12) for an imbal ance of 5~ between the

two beams. Note that the data points qualitatively follow the latter curve.

The qual i tative differences could be due to a comnbination of the following

causes: (i) imperfec t alignment between the two beam s, (ii) non -uniform

illumination of the Ronchi rulings , and (iii ) edge effec ts due to the finite

size of the test pattern.

In the future , we pl an to repl ace the simpl e fringe-pattern source

in the test apparatus by more complicated spati al structures (e.g., a e r i a l

photogra phs) that conta i n an ent i re spec trum of spa ti al frequenc i es. Fo r

di agnos tic purposes , however , the present use of Ronc hi rul i ngs perm i ts a

better understanding of the instrumen t response to spec i fic frequencies.

4.2 Combined Spatial and Spectral Filtering Properties

In the p rev ious sect i on (
~~~ 

4.1) we described the spatial filtering

pro perties of the i nter feram eter , and in particul ar its capability for su p-

pressing low spatial frequencies. In this section we describe how the back
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ground suppression of the interferomter-spectro meter is enhanced by ut i l iz ing

the spectral in format ion inherent in such a dev ice.

A Moire pattern of a given spat ial  frequency was produced with the

Ronchi rulings , and a relativel y low-intensity point source was superimposed

by i l luminati ng the pinhole on the c cinplementary side of the beamsplitter . A

spectral filter composed of 1.5 nm thick polycarbon ate was placed in front of

the point source . Thus , the “background ” had both a different spectral as

well as spatial compos ition than the weaker point source which was to be

detec ted -

For each of several di f ferent spat ial  frequencies the interferogram

and the transfo rmed spectrum were recorded in both the single-beam and

double-beam modes. the spectra obtained for three samp le spatial frequencies

0, 1.1 , and 7 cyc/deg) are shown in Figures 21 , 22, and 23.

The response to a uniform background (K=U ) with point source super-

posed is depicted in Figure 21. Spectra for the point source pl us background

are shown for the double -beam and single beam modes; a double -beam c~trum

of the background alone is al so shown for comparison . The overall spectral

shape (~ 4000-5000 cm
1 ) exhibi ted in the single-beam mode results from the

transmission pr)perties of an interference filter located in front of the

detector. In tie doub l e-beam mode , nearl y all of the back g roun d ra di at i on i s

suppressed , whfle the spec trum of the polycarbo rmate filter pl aced in front of

the point sourc~ is clearl y revealed. By contrast , about 75 of the inten-

sity of the p01 it source is retained in the doubl e-beam mode because the

source has cont~ibutions from all spatial frequencies. (The baseline of this

spec trum has be rn shifted upward in order to separate the curves.) The

double-beam spe:trum wi thout the point source shows how completely the back-

ground is suppr ’ssed . For al l but a small range o f fre quenc i es (- .. 4100-4250
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SINGLE-BEAM INTERFER OML 1IR
SOURCE PLUS BACKGROUND
SPECT RUM

BACKGROUND
BACKGROUND AND 0 CYCLES PER DEGREE
POINT SOURC E

DOUBLE-BEAM INTERFEROMLIER
SOURCE PLUS BACKGR OUND -..~-..
SPECTRUM

4~~l CM~’
2.5~~M 2.O~~M

FIGURE 21: Single and double-beam ‘~pectra of a point source ‘-.uperposed on a
diffuse (DC ) background. (The base line for the double-beam
spectrum has been shi f ted upward in order to separate the urves .)
Shown for compar i son  is a doubl e—beam spectrum of the b,~~kq,’oundalone to demonstrate the high degree of suppress ion.
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SINGLE-BEAM INTERFEROMET ER
SOURC E PLUS BACKGROUND SPECTRUM

BACKGROUND AND BACKGROUND
POINT SOURCE 1.1 CYCLES PER DEGREE

DOUBLE-BEAM INTERFERO METER
SOURCE PLUS BACKGROUND
SPECTRUM

• DOUBLE BEAM INTERFEROMETER
BACKGROUND SPECTRUM

4000 CM 1 5000 CM ’
2.5 pti 2 .O IIM

FIGUR E 22: Single and double-beam spectra of a point source superposed on a
background with spatial frequency 1.1 cycles per degree . Shown
for comparison is a double-beam spectrum of the background alone .
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SINGLE-BEAM INTERFEROMETER
SOURCE PLUS BACKGROUND SPECTRUM

t
~11III iiiIllllllIllhii

BACKGROUND AND ~A1 I BACKGROUND
POINT SOURCE ~ 7 CYCLES PER DEGREE

DOUBLE-BEAM INTERFEROMETER
SOURCE PLUS BACKGROUND
SPECTRUM

DOUBLE BEAM INTERFEROMETER
BACKGR UND

4000 CM T 5000 cM 1
2.5~~M 2.O~.LM

FIGURE 23: Single and double-beam spectra of a point source superposed on
a background with a high spatial frequency of 7 cycles per degree .
Show n for comparison is a double-beam spectrum of the background
alone to demonstrate the hi gh degree of suppression.
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cm~~) the suppression ratio is 100:1. For a point source whose spectrum is

charac ter i ze d by a narrow li ne , or a set of narrow lines , the enhancement of

signal-to-background over a simple photometer coul d easily exceed i~~:i.

The background was next changed to a fringe pattern of frequency

1.1 cyc/deg . This spatial frequency is in the vicinity of the peak of the

MTF curve for the double-beam mode (Fig. 19). The background at this fre-

quency is there fore incompl etely suppressed . The poi nt source spectrum , how-

ever , is still quite pronounced above the background in the double-beam mode.

At high spatial frequencies (
~~ 

3 cyc/deg wi th the present MTF), the

interferometer -spectrometer responds in virtually the same way as for a DC

background (Fig. 19). A compari son of Figures 23 and 21 verif ies this conc l-

usion. The basic di fference between the two figures is a change in overall

intensity of the background s ignal wh ich resul ts from the di fferent DC level s

associated with the Ronchi rulings in di fferent orientations.

4. 3 S pectral Tests

There are several ways in which the spectral information , i n h e r e n t

to a doubl e-beam interfercmeter-s pectrometer , can be utilized to enhance the

visibil i ty of a source by suppressing unwanted backgrounds. Fi rst , one beam

of the interferometer is aimed at the source of interest while the other is

offset so as to exclude the source. In this way , spatially di ffuse back-

ground components are suppressed regardless of their spectra , while the

higher spatial frequency components in the background can be distinguished by

their spectra . Second , different spatial frequency responses (MTF) can be

incorporated into the two beams , both of which have the same view di rection.

Again , spatially diffuse background components are suppressed regardless of
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their spectra , while the higher spati -i frequency components in the back-

ground can be distinguished by their spectra. (see ~.2) Third , the sou rce

may be placed direc tly into one of the two beam s of the interferometer . All

spec tral com ponen ts co mmon to both beams (i.e. , most non-source background)

will be suppressed . The latter technique is not direc tl y appp licab l e to

remote sens i ng prob lems , but is the most convenient laboratory demonstration

of the spectral capabilities of the i nterferometer .

For these tests , we ma de use of the i nterferome ter conf ig ura tion —

shown in Figure 24. A cell , containi ng a gas who se ab sor pt i on spec trum i s to

be measured , is placed directly in the path of one of the beanis . An identi-

cal cell (not shown in Figure 24) is placed in the other beam to null

any effects due to the firs t cell. The single-beam and double-beam spectra p.
for the case of air in both cel ls are shown in Figure 25. The overall spectral

shape for the single-beam response is due to the s i l icon filter (in front

of the detector) at short wavelengths , and the PbS detector at long wave—

lengths; some of the absorption features are due to water vapor in the air.

Note the excellent cancel lat ion of the signal in the double -beam mode , as

expected (see ~ 2 , Figure 2c ).  The spectral resolut i on here is 10 cni ’.

Pure NH3 vapor at 1 atmosphere pressure is now introduced into one

of the cells . The spectrum taken in the single-beam mode is shown in Figure

26. This spectrum represents approxima tely the transmis sion of NH 3 vapor

mul tiplied by the smoothly varying sensitivity function of the interferom-

eter .

• Most effects of the filter , t he wa ter va por i n the a i r , and any

effects other than absorption by NH 3 are easi ly and e f fec t ive ly  removed by a

59

_
_ _  

•

_ _ _ _  
I ~~ -~-



- -  

~~~~~~ I

.4-)
U-( a)
c~.(/)

4 4 4 0
w U) U)

b b b

I

4 04 .
40~~cn 0

4
~~

U-

60

~~~~-- - _L_ ~~ ~~~~



DOUBLE BEAM Ii~iTERFEROMETER

• RELAT I VE SPECTRA L
• RESPONSIVITY

- 10 CM ’ 

-

SINGLE BEA M

‘I’

DOUBLE BEAM

3.0 2.0

F cm ’ I
3000 4000 5000 6000

FIGURE 25; Single—beam and double-beam spectra of a broadband light
sc~urce. The overall response is limited by the Si detector
wi ndow at short wavelengths , and the PbS detector at long
wave lengths. Water vapor absorption features at 3700 and
5300 cm -’ are evIdent. 61
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FIGURE 26: Single-beam transmission spectrum of NH

3 vapor.
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spectrum produced in the doubl e-beam mode . To see this , l et the ideal spec-

trum recorded in the single -beam mode oe S(0) (this ir~l udes the source spec-

trum and the spectral response of the interfer ometer ) , and define T g( a )  and

Tc(a) as the transmiss ’on of the test gas , and the transmission of all other

matter (e.g., wa ter va por , gas cell , etc.) between the light source and the

detector , respectively. Then the response in the single-beam mode is:

R sb(o) S(a)Tc(a)T g(G) (14)

while the response in the double -beam mode is :

R db (O )
~
S(G)T c

(O)_ S (o)Tc (o) Tg (o) (15)

=S ( u )T c ( G ) A g ( o )  L
where Ag(a) is the absorption of the test gas. Thus , the double- beam re- F
sponse is the ab sorption of the gas mul tipl ied by the source spec trum and the

absorption spectra of other contaminants . The advantage of this presentation

is that  all spectral features that are unrelated to the gas , and that are

away from regions of significant absorption by the gas , are suppressed.

The resul ts for NH 3 ab sorption (doubl e-beam mode) are shown in

Figure 27. The prominent ( v
2 

+ \)3) and (~ 3 + ~4) vibration/ro tation bands

(ref. 14) at ~4450 cm
4 and ~505O cm4, respectively, wi th f i n e  s t ruc tu re

down to 10 cm4 are clearly evident. The absorption and transmission spectra

are superposed in Figure 28 to emphasize the one- to-one correspondence of the

features and to demonstrate their reality.

A similar experiment was performed with a 1.5 m thick polycarbon-

ate ab sorber instead of the gas cell. The superposed transmission and absorp-

tion spectra are shown in Figure 29. A broad absorption feature for

wavel engths greater than ~2.2 urn ( a  ~ 4500 cm4) is clearl y evident .
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DOUBLE BEAM INTERFEROMETER
ABSORPT ION
AMMONIA (t1H

3
)

Sh ip .

L - 100 MM

öc, - 10 CM ’

0 2.0

3000 4000 cm 5000 6000
FIGURE 27: Double-beam absorption spectrum of NH vapor in the reg i on of

the (v
2 

+ -‘3 ) and (v 3 + ~~4
) absorp tio~ bands.
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DOUBLE BEAM INTERFEROMETER

AMMONIA (NH3
)

Sh ip .  -

L - 100 MM

- 10 CM 1

!~ ii
II

- II- I - - ‘

~~~~
1 iI~i ’Iti~ -

I ~! ~1
ABSORPTION All I
(DOUBLE BEAM) I

3000 4000 cm 5000 6000

FIGURE 28: Double-beam and single-beam spectra of NH3 va por , superim pose d
• for comparison .
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DOUBLE BEAM INTERFERO METER

POLYCARBONATE

1.5 MM THICK

öc~~- 10 CM ’

I L

ABSORPTION \ TRANSMISSION
(DOUBLE BEAM)~~~~ 

- 

f ~~,~SINGLE 
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j II

I 

A
2.0

3000 4000 cm 
6000

FIGURE 29: Double-beam and single-beam spectra of a 1.5 niii thickpolycarbonate filter.
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Another experiment , with in one of the gas c e l l s , was perform -

ed wi th a spectral resolution of 1 cm ’. The ib sorpt~-in spec trum , taken in

the double - beam mode , of the (v2 + v
3

) band centered near 4450 cm 1 is shown

in Figure 30. Fine rotation structure , down to I cm4 , within the band is

clearly evident. An NH3 absorption spectrum (double -beam ) near the same 4450

cm 1 band is superposed on the complementary transmission spec trum (s ing le -

beam ) in Figure 31. The one-to-one correspondence of the fine sFectral

deta i l aga i n demonstra tes the reality of these fea tures .

The ability of the instrument to suppress spectral structure in

the background (away from the ab sorption features of the test gas ; e.q. 15)

is demonstrated in Figure 32. The upper trace is the single -beam transmis-

sion spectrum of NH3 in the vicinty of the (
~ 3 + v

4
) band . Al so , c l e a r l y

present is the (v
2 
+ ~3) water vapor feature (ref. 14) centered near 5330

cm 4. The lower trace is the ab sorption spectrum of NH3 (double-beam mode’I .

Note the nearly exact correspondence , in both traces , of the NH3 features ,

while the water vapor features above 5200 cm4 are compl etely absent in the

double-beam spectrum . The ambient water vapor is comon to both beams and is

thereby el iminated . In rewote sensing applications , this is a powerful tool

for removing the spectral contributions from any background sources that l ie

along the line-of-sight to the object bei ng studied .

Finally, for completeness , we show the 1 cm 1 resol ution transmis -

sion spectra for l aboratory air containing water vapor in the and v 3 bands

centered near 3700 cm4 (Figure 33) and the (v 2 + ‘J3) band centered at 5330

cm ’ (Figure 34).

I ’
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FIGURE 33: Single beam transmission spectrum of the H 0 vapor in the
vicinity of the v 1 and v

3 
band~ (1 cm ’ re~olution ).
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5. CHARACTERISTICS AND APPLICATIONS OF DOUBLE-BEAM J’~TERFE ROMETRY

In th is report we have demonstrated both empi rically and con iputatio nally

tha t the double -beam interferoineter-spectro rneter is a highly ef f ic ient tool

for the remote sensing of local ized sources in the presence of strong spa-

tially structured background in the IR region of the spectrum (
~ 2 and 4).

The V isidyne double-beam interferometer with tailored modulation transfer

functions (
~ 2 ) utilizes both spatial and spectra l fi l tering (~ 4) to

ach ieve enchanced sensitivity to localized sources . In the double-beam mode ,

the i nterferometer supp resses ra di at i on that i s common to both beams , regard-

less of its spectrum. This includes diffuse background radiation in the

vicinity of the source of interest , absorbing or emitting contaminants along

the line of sight to the source , and background (other than detector noise)

originating from within the interferometer. Suppression ratios of 100/1 have

been achieved with our l aboratory interferometer , and there is no obvious

reas on why this cannot be readily improved to 1000/1 by future modifications. We

have also shown that background structure with higher spatial frequency compo-

nents, that is not eliminated by spatial filtering, can be suppressed if its

spectral composition is distinguishable from that of the source of interest.

The background suppression capabilities of the Visidyne double -beam

interferometer with a tailored MTF have at least two potentially important

app lications :

• The remote sensing of effluents , e.g., pollution monitorin q .

• Surveillance and tracking systems , e.g.,  the detect ion of jet plumes
or missi le trails.

The dua l beam system is an imaging system that can be used with a multi-

element focal plane detector and it is a diffraction limited system whic h

- 

. 
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p reserves spatial , spectra l and tempora l information. Two characteristics of

the double-beam interferometer with tailored MTF that make it superior to

conventional detection systems include:

• Selectable Spatial-Frequency Filter

i) the system spatial-frequency bandpass can be ta i lored to respond

to tar get characterist i cs wh i le su pp ress i ng hi gher and lower

spatial frequencies.

• Real Time Optical Background Suppression

I) reduces dynamic range and electronic complexity required for

processin g of weak target s i gnals ,

ii ) reduces the effects of tempora l variations in the source or the

detectors , and

iii ) facil i tates the extraction of a target signal from background in

the case of non-uniform retroreflecting mirror dri-ve

iv ) suppresses the contribution of channel spect ra to the measured

i nterferograni .

The double-beam interferometer is particular ly well suited to the remote

sensing of ~.tack effl uents . For any given observation distance , the MTF of the

interferometer can be tailored to respond to the volume of space immediately

surrounding the smokestack while suppressing background radiation that

corresponds to significantly larger or smaller angular sizes . In practice ,

regions of concentrated pollutants wi th linear sizes from a fraction of a

me ter to tens of meters could be observed with our laboratory interferometer

at any d i s t a n c e  from -. 100 m to tens of kilometers by varying the fore optics
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(e.g., the te lescope ) and the defocusing lens. A mo~aic focal plane detector

is not required for this application.

The double-beam interferometer is equally well suited for use in surveil-

lance . The spat ial fi lter can be tailored to the size of the plume if the

target is measured in emission or to the size of the aircraft or missile if

the target is measured in obscuration .
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